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1

METAL POWDER, FEEDSTOCK, AND
PREPARATION METHOD THEREFOR

BACKGROUND

1. Field

Embodiments of the inventive concepts relate to metal
powder, a method for manufacturing the same, and a method
for manufacturing a molded product using the same and,
more particularly, to metal powder having high tlowability
and high moldability, a method for manufacturing the same,
and a method for manufacturing a molded product using the
same.

In addition, embodiments of the inventive concepts relate
to feedstock for powder injection molding and, more par-
ticularly, to feedstock used when powder injection molding,
1s performed at low temperature and low pressure for
processing of ultra-small precision machinery parts.

2. Description of the Related Art

Metal powder having a micro/nano size 1s attractive as a
next-generation component material capable of achieving
weilght reduction, miniaturization and high strength required
by a parts industry due to its excellent physical and chemical
characteristics realized by a fine particle size thereof.

For example, Korean Patent Publication No. 10-2001-
0032240 (Application No. 10-2000-7005441, Applicant:
SEIKO EPSON CORPORATION) discloses a method for
manufacturing a metal powder injection-molded product. In
the method, an undercut 1s formed 1n an 1njection-molded
product formed by injection-molding a mixture including
metal powder and a binder resin, and the injection-molded
product having the undercut 1s degreased and then sintered.

However, fine metal powder having a micro/nano size
may be explosively oxidized due to 1ts wide specific surface
area, and an irregular agglomeration phenomenon may be
occur 1 the metal powder due to frictional force between
particles of the metal powder. The fine metal powder having,
the micro/nano size may have low tlowability due to these
characteristics, and thus 1t may be diflicult to handle the
metal powder and to transfer the metal powder 1in manufac-
turing of parts through a powder metallurgy process. In
addition, due to the low tlowability of the metal powder, 1t
may not be easy to provide the metal powder mto a die
during die molding. Moreover, due to low moldability of the
metal powder, 1t may not be easy to manufacture a molded
product using the metal powder. Furthermore, dimensional
stability of the molded product may be low due to non-
uniformity of density and high shrinkage in the molded
product.

Thus, research and development are needed to improve
the tlowability and moldability of fine metal powder having
a micro/nano size.

Powder 1njection molding (PIM) 1s a techmique that
manufactures parts having a thread shape by using feedstock
that 1s a thermoplastic mixture including metal or ceramic
powder and a binder.

Generally, the powder injection molding (PIM) may eas-
1ly mass-produce complex-shaped parts and may have few
restrictions on used materials. In addition, the powder 1njec-
tion molding (PIM) may allow final parts to have excellent
tolerances and mechanical characteristics. Thus, 1in recent
years, micro powder injection molding techniques have been
actively studied for manufacturing ultra-small parts of 1 mm
or less required in high-tech industries.
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2

In particular, in the powder mjection molding for manu-
facturing ultra-small parts, the development of the feedstock
having both flowability and moldability 1s important in
manufacturing of final parts.

Application of conventional feedstock to powder injec-
tion molding for manufacturing ultra-small parts may cause
great technical and economic problems. For example, when
nano powder 1s used, a molding operation may be difficult
by a sharp increase 1n molding pressure in injection molding
since a surface area of the nano powder 1s large. In addition,
since ultra-small parts have ultra-small sizes and are deli-
cate, powder injection molding should be performed at low
temperature or pressure. However, 1t may not be easy to
perform molding at low temperature and low pressure.

Therefore, to manufacture ultra-small parts, there 1s a
need for feedstock capable of being easily injection-molded
at low temperature and low pressure.

SUMMARY

Embodiments of the inventive concepts may provide
metal powder with improved flowability and a method for
manufacturing the same.

Embodiments of the inventive concepts may also provide
metal powder with improved moldability and a method for
manufacturing the same.

Embodiments of the inventive concepts may further pro-
vide highly reliable metal powder, a method for manufac-
turing the same, and a method for manufacturing a molded
product using the same.

Embodiments of the inventive concepts may further pro-
vide metal powder capable of being handled in the atmo-
sphere and a method for manufacturing the same.

Embodiments of the inventive concepts may further pro-
vide metal powder capable of improving uniformity of a
density of a molded product and a method for manufacturing
the same.

Embodiments of the inventive concepts may further pro-
vide feedstock that can be used in low-temperature and
low-pressure powder 1mjection molding by using raw mate-
rial powder and a binder having low melting point and low
viscosity, and a method for manufacturing the same.

In an aspect, a method for manufacturing metal powder
may include preparing first metal powder, agglomerating the
first metal powder to manufacture second metal powder 1n
which the first metal powder 1s agglomerated, coating the
second metal powder with an organic binder, and agglom-
erating and coarsening the second metal powder coated with
the organic binder to manufacture third metal powder having
higher tflowability than the second metal powder coated with
the organic binder.

In some embodiments, the agglomerating of the second
metal powder may include mechanically mixing the second
metal powder.

In some embodiments, the method may turther include
thermally treating the third metal powder to increase
agglomeration strength of the third metal powder.

In some embodiments, the third metal powder may be
thermally treated at a melting point of the organic binder.

In some embodiments, a size of the third metal powder
may increase as a time of the mechanical mixing of the
second metal powder increases.

In some embodiments, a maximum value of a diameter of
the third metal powder may be 800 um.

In some embodiments, a Hausner ratio of the third metal
powder may be 1.1 or less.
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In some embodiments, the agglomerating of the second
metal powder to manufacture the third metal powder may
include adding additive powder, which includes an additive
clement different from a metal included in the second metal
powder, to the second metal powder, and agglomerating the
second metal powder and the additive powder.

In some embodiments, the preparing of the first metal
powder may include preparing a metal oxide, and pulveriz-
ing the metal oxide to manufacture the first metal powder.
The agglomerating of the first metal powder to manufacture
the second metal powder may include agglomerating the
first metal powder manufactured by pulverizing the metal
oxide, and reducing the first metal powder agglomerated.

In an aspect, a method for manufacturing a molded
product may include manufacturing metal powder by the
alforementioned method for manufacturing metal powder,
and manufacturing a molded product using the metal pow-
der.

In an aspect, metal powder may include a third metal
particle manufactured by agglomerating and coarsening
second metal particles of which each 1s manufactured by
agglomerating first metal particles. A diameter of the third
metal particle may range from 100 uym to 800 um, and a
Hausner ratio of the third metal particle may be 1.1 or less.

In some embodiments, the third metal particle may
include: a metal; and an additive element which 1s not
combined with the metal but 1s mixed with the metal.

In some embodiments, the third metal particle may
include: a metal; and an additive element chemically com-
bined with the metal.

In an aspect, a method for manufacturing an injection
molded body using feedstock may include preparing micron
powder and sub-micron powder smaller 1n size than the
micron powder, preparing a wax-based binder, manufactur-
ing feedstock by mixing the micron powder, the sub-micron
powder, and the wax-based binder with each other, manu-
facturing a molded part by performing a powder 1njection
molding process using the feedstock, performing necking of
the sub-micron powder included in the molded part and
degreasing of the molded part at the same time, and sintering
the molded part.

In some embodiments, strength of the molded part may be
increased by the necking of the sub-micron powder included
in the molded part.

In some embodiments, the manufacturing of the feedstock
and the manufacturing of the molded part may be performed
at the same temperature.

In some embodiments, the manufacturing of the feedstock
and the manufacturing of the molded part may be performed
at the same pressure.

In some embodiments, the micron powder may include
metal carbonyl powder, and the sub-micron powder may
include powder including a metal element which 1s the same
as a metal element included in the micron powder.

In some embodiments, the preparing of the micron pow-
der may include manufacturing the micron powder by a
water atomizing method, and the preparing of the sub-
micron powder may include manufacturing the sub-micron
powder by a pulsed wire evaporation method.

In some embodiments, the manufacturing of the feedstock
may include adding a surfactant to the micron powder, the
sub-micron powder, and the wax-based binder.

In an aspect, a method for manufacturing an injection
molded body using feedstock may include preparing micron
powder and sub-micron powder smaller 1n size than the
micron powder, preparing a wax-based binder, manufactur-
ing feedstock by mixing the micron powder, the sub-micron
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powder, and the wax-based binder with each other at a first
temperature, and manufacturing a molded part by perform-
ing a powder mjection molding process using the feedstock

at the first temperature.

In some embodiments, the first temperature may be lower
than a melting point of the wax-based binder.

In some embodiments, the manufacturing of the feedstock
and the manufacturing of the molded part may be performed
at the same pressure.

In an aspect, a method for manufacturing feedstock for
powder injection molding may include preparing micron
powder and sub-micron powder smaller in size than the
micron powder, preparing a wax-based binder, and mixing
the micron powder, the sub-micron powder, and the wax-
based binder with each other at a temperature lower than a

melting point of the wax-based binder.
In some embodiments, the mixing of the micron powder,

the sub-micron powder, and the wax-based binder may be
performed at 70 degrees Celsius.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a flowchart illustrating a method for manufac-
turing metal powder according to some embodiments of the
inventive concepts.

FIG. 2 1s a view 1illustrating metal powder and a method
for manufacturing the same, according to some embodi-
ments of the mventive concepts.

FIG. 3 shows 1mages for explaining metal powder manu-
factured by a manufacturing method according to some
embodiments of the mventive concepts.

FIG. 4 shows images for explaining a change in size
according to an agglomerating process time 1n a method for
manufacturing metal powder according to some embodi-
ments of the mventive concepts.

FIGS. SA to 5C show mmages and X-ray diflraction
analysis graphs of coarsened mixed powder manufactured
by a method for manufacturing metal powder according to
some embodiments of the inventive concepts.

FIG. 6 shows an image and an X-ray diffraction analysis
graph of coarsened alloy powder manufactured by a method
for manufacturing metal powder according to some embodi-
ments of the mventive concepts.

FIG. 7 1s a graph showing measured molding densities of
metal powder according to some embodiments of the inven-
tive concepts.

FIG. 8 shows 1mages of a fine structure of raw material
powder of a seventh embodiment.

FIG. 9 shows images of a fine structure of feedstock of the
seventh embodiment.

FIG. 10 shows mmages of feedstock 1 a powder form
according to the seventh embodiment.

FIG. 11 shows images after injection molding of the
teedstock according to the seventh embodiment.

FIG. 12 shows (a) a temperature-time graph of a degreas-
ing process, (b) structures after the degreasing process, ()
and (d) compression destruction images of molded bodies
alter the degreasing process, and (e) compressive strength of
the molded bodies after the degreasing process in the
seventh embodiment.

FIG. 13 shows part images and a fine structure image after
a sintering process in the seventh embodiment.

FIG. 14 shows part images and results of surface rough-
ness after the sintering process in the seventh embodiment.

FIG. 15 1s a graph showing a change behavior of torque
when feedstock 1s mixed 1n the seventh embodiment.
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FIG. 16 shows images of a W—Cu fine structure accord-
ing to an eighth embodiment.

FI1G. 17 shows 1mages after molding and after degreasing
in the eighth embodiment.

FIG. 18 shows images aifter sintering in the eighth
embodiment.

FIG. 19 shows electron microscope images of micron
powder and nano powder in a mnth embodiment.

FI1G. 20 shows (a) a graph of behavior of a mixing torque
to a mixing time and (b) a graph of behavior of a mixing
torque to a powder content 1n the mnth embodiment.

FIG. 21 shows electron microscope images of destruction
surface structures of feedstock according to a raw material
powder content 1n the ninth embodiment ((a): 50 vol. %, (b)
534 vol. %, (¢) 58 vol. %, (d) 62 vol. %, and (e) and (1) 66
vol. %).

FIG. 22 shows 1mages of a surface structure of a molded
product having a gear shape and a destruction surface
structure of a molded product having a tensile specimen
shape when feedstock of the ninth embodiment 1s 1njection-
molded.

FIG. 23 shows electron microscope images of fine struc-
tures of micron powder and micron-nano powder after

injection-molded products are sintered in the ninth embodi-
ment.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

(L]

The mventive concepts will now be described more fully
hereinafter with reference to the accompanying drawings, in
which exemplary embodiments of the inventive concepts are
shown. It should be noted, however, that the inventive
concepts are not limited to the following exemplary embodi-
ments, and may be implemented 1n various forms. Accord-
ingly, the exemplary embodiments are provided only to
disclose the inventive concepts and let those skilled 1n the art
know the category of the mventive concepts.

It will be also understood that although the terms first,
second, third etc. may be used herein to describe various
clements, these elements should not be limited by these
terms. These terms are only used to distinguish one element
from another element. Thus, a first element 1n some embodi-
ments could be termed a second element 1n other embodi-
ments without departing from the teachings of the present
invention. Exemplary embodiments of aspects of the present
inventive concepts explained and illustrated herein include
theirr complementary counterparts. As used herein, the term
“and/or” includes any and all combinations of one or more
of the associated listed items.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to limat
the invention. As used herein, the singular terms *“a”,

, an”
and “the” are intended to include the plural forms as well,
unless the context clearly indicates otherwise. It will be
turther understood that the terms “comprises™, “compris-
ing”’, “includes”, “including™, “have”, “has” and/or “having”
when used herein, specily the presence of stated features,
integers, steps, operations, elements, and/or components, but
do not preclude the presence or addition of one or more other
features, 1ntegers, steps, operations, elements, components,
and/or groups thereol. Furthermore, 1t will be understood
that when an element 1s referred to as being “connected” or
“coupled” to another element, 1t may be directly connected
or coupled to the other element or intervening elements may

be present.
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In addition, 1n explanation of the present invention, the
descriptions to the elements and functions of related arts
may be omitted 11 they obscure the subjects of the inventive
concepts.

Furthermore, in the present specification, a metal particle
and metal powder may mean a particle and powder that
include a matenal including a metal, such as a metal oxide,
a metal nitride, a metal oxynitride, or a metal carbide.
Furthermore, 1n the present specification, the metal particle
and the metal powder may mean a particle and powder that
include a single kind of a metal or a plurality of kinds of
metals.

FIG. 1 1s a flowchart illustrating a method for manufac-
turing metal powder according to some embodiments of the
inventive concepts, and FIG. 2 1s a view 1llustrating metal
powder and a method for manufacturing the same, according
to some embodiments of the mventive concepts.

Referring to FIGS. 1 and 2, first metal powder 100 having
first metal particles 102 1s prepared (510). The first metal
particle 102 may have a nano size. For example, a diameter
of the first metal particle 102 may be 100 nm or less. The
first metal particle 102 may include at least one of 1ron (Fe),
tungsten (W), copper (Cu), nickel (N1), molybdenum (Mo),
or chromium (Cr).

In some embodiments, the preparation of the first metal
powder 100 may include preparing a metal oxide and
pulverizing the metal oxide to form the first metal powder
100. In some embodiments, the metal oxide may be pulver-
1zed by a mechanical pulverization method (e.g., a ball-
milling method).

Alternatively, 1n certain embodiments, the preparation of
the first metal powder 100 may include preparing the metal
oxide and an additive, and mixing and pulverizing the metal
oxide and the additive. In this case, the first metal powder
100 may include pulverized powder obtained by pulverizing
the metal oxide and pulverized powder obtained by pulver-
izing the additive. The additive may be an oxide (e.g.,
tungsten oxide, copper oxide, nickel oxide, molybdenum
oxide, or chromium oxide) including an additive element
(e.g., tungsten, copper, nickel, molybdenum, or chromium)
different from the metal of the metal oxide (e.g., iron oxide).

Second metal powder 200 in which the first metal powder
100 1s agglomerated may be manufactured by agglomerating
the first metal powder 100 (520). The second metal powder
200 may include second metal particles 202, each of which
has a diameter of 5 um to 20 um.

In some embodiments, the manufacture of the second
metal powder 200 may include agglomerating the first metal
powder 100 and reducing the first metal powder 100
agglomerated. In some embodiments, the first metal powder
100 may be manufactured into a spherical agglomeration by
using a spray dryer, and the spherical agglomeration may be
reduced by a thermal treatment to manufacture the spherical
second metal particle 202 having a network structure.

For example, when the first metal powder 100 1s manu-
factured by performing a dry ball-milling process on the
metal oxide, slurry obtained by mixing the first metal
powder 100 and a process control agent (PCA; e.g., methyl
alcohol, ethyl alcohol, acetone, or water) may be provided
into the spray dryer to manufacture the spherical agglom-
cration. Alternatively, 1n certain embodiments, when the first
metal powder 100 1s manufactured by performing a wet
ball-milling process on the metal oxide, a material 1mme-
diately after the ball-milling process may be provided into
the spray dryer to manufacture the spherical agglomeration.

For example, the spherical agglomeration may be reduced
in a hydrogen atmosphere at a temperature of 200 degrees
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Cels1tus to 800 degrees Celsius. The spherical agglomeration
may be thermally treated 1n the reducing process to bond
particles of powder, and thus the second metal particle 202
may have the network structure.

When the first metal powder 100 includes the pulverized
powder of the metal oxide and the pulverized powder of the
additive, the second metal powder 200 manufactured by
agglomerating the first metal powder 100 as described above
may be alloy powder of metal obtained by the reduction of
the pulverized powder of the metal oxide and the additive
element of the additive. In other words, the second metal
powder 200 may be compound powder 1n which the metal
and the additive element are chemically combined with each
other. For example, when the first metal powder 100 1s
manufactured by pulvenizing iron oxide and nickel oxide,
the second metal powder 200 may be alloy powder of 1ron
and nickel.

A first particle having a first diameter and a second
particle having a second diameter greater than the first
diameter may be agglomerated with each other to form the
second metal particle 202 of the second metal powder 200.
For example, the first diameter may range from 1 nm to 30
nm, and the second diameter may range from 100 nm to 500
nm. Since the first and second particles having different sizes
are agglomerated, a filling ethiciency of the second metal
particle 202 may be improved.

The second metal powder 200 may be coated with an
organic binder (S30). Since the second metal powder 200 1s
coated with the organic binder, reoxidation of the second
metal powder 200 may be minimized and bonding force
between particles may be improved.

In some embodiments, the second metal powder 200 may
be coated with the organic binder by a wet coating method.
In more detail, the coating of the second metal powder 200
with the organic binder may include dissolving the organic
binder 1n a solvent to manufacture a coating solution,
providing the coating solution to the second metal powder
200, and drying the second metal powder 200 to remove the
solvent. For example, the solvent may be ethyl alcohol, and
the organic binder may be stearic acid. In some embodi-
ments, the organic binder may be added at a ratio of 5 vol.
% to 10 vol. % with respect to the second metal powder 200.

The second metal powder 200 coated with the organic
binder may be agglomerated and coarsened to manufacture
third metal powder 300 having higher flowability than the
second metal powder 200 coated with the organic binder
(S40). In other words, the second metal powder 200 may be
agglomerated and coarsened to manufacture the third metal
powder 300. A Hausner ratio of the third metal powder 300
may be lower than a Hausner ratio of the second metal
powder 200. In some embodiments, the Hausner ratio of the
third metal powder 300 may be equal to or less than 1.1 and
the Hausner ratio of the second metal powder 200 may be
greater than 1.1. The third metal powder 300 may include
third metal particles 302, each of which has a diameter of
100 um to 800 um.

In some embodiments, the second metal powder 200 may
be mechanically mixed so as to be agglomerated. For
example, the second metal powder 200 may be mixed by a
ball-milling method. A size of the third metal particle 302 of
the third metal powder 300 formed by agglomerating the
second metal powder 200 may increase as a mechanical
mixing time of the second metal powder 200 increases.
However, the maximum value of the diameter of the third
metal particle 302 may be 800 um. In other words, the size
of the third metal particle 302 may be gradually increased
during a certain mechanical mixing time of the second metal
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powder 200, and the diameter of the third metal particle 302
may be controlled to 800 um or less after the certain
mechanical mixing time.

An aspect ratio of a mixer for mechanically mixing the
second metal powder 200 may be great. Thus, a sliding
distance of the second metal powder 200 may be sufliciently
secured to easily manufacture the third metal powder 300. In
some embodiments, the mixer may be charged with the
second metal powder 200 of 10 vol. % or less.

As described above, when the second metal powder 200
1s the alloy powder of the metal and the additive element, the
third metal particle 302 of the third metal powder 300
manufactured by agglomerating the second metal powder
200 may include a compound in which the metal and the
additive element are chemically combined with each other.
For example, the third metal particle 302 may include a
compound (Fe;N1) of 1ron and nickel. When the third metal
particle 302 includes the compound in which the metal and
the additive element are chemically combined with each
other, a composition of the third metal particle 302 may be
checked by X-ray diffraction analysis.

Alternatively, when the additive 1s not added in the
process of manufacturing the first metal powder 100, addi-
tive powder (e.g., tungsten oxide, copper oxide, nickel
oxide, molybdenum oxide, chromium oxide, or graphite)
including an additive element (e.g., tungsten, copper, nickel,
molybdenum, chromium, or carbon) may be added in the
operation of agglomerating the second metal powder 200. In
more detail, the second metal powder 200 and the additive
powder may be mixed with each other and then may be
mechanically mixed to manufacture the third metal powder
300. In this case, the third metal particle 302 of the third
metal powder 300 may include a mixture 1n which the metal
and the additive element are not combined with each other
but are mixed with each other. When the third metal particle
302 includes the mixture 1n which the metal and the additive
clement are mixed with each other, a composition of the
third metal particle 302 may be checked by X-ray diffraction
analysis.

In some embodiments, the third metal powder 300 may be
thermally treated. The third metal powder 300 may be
thermally treated at a melting point of the organic binder.
Thus, agglomeration strength of the third metal particle 302
of the third metal powder 300 may be increased.

Alternatively, in other embodiments, the thermal treat-
ment of the third metal powder 300 may be omitted.

The third metal powder 300 manufactured according to
the above embodiments of the inventive concepts may be
formed 1nto a molded product through a die molding process
and a sintering process. The molded product may be easily
manufactured using the third metal powder 300 due to the
high tlowability and the high moldability of the third metal
powder 300.

Evaluation results of characteristics of the metal powder
according to the atorementioned embodiments of the inven-
tive concepts will be described hereiatter.

Manufacture of Agglomerated Iron Powder

FIG. 3 shows images for explaining metal powder manu-
factured by a manufacturing method according to some
embodiments of the mventive concepts.

Referring to FIG. 3, Fe,O, was prepared as a metal oxide.
Fe,O; was pulverized by a ball-milling method to manufac-
ture Fe,O, powder as first metal powder. Diameters of
particles of the Fe,O; powder were 1n a range of 10 nm to
30 nm. The Fe,O; powder was mixed with a PCA to
manufacture Fe,O, powder slurry. The Fe,O, powder slurry
was 1njected or provided into a spray dryer at a rate of 2,500
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cc/h. Thereatter, an air injection pressure was controlled to
80 kPa to manufacture spherical agglomerations, the spheri-
cal agglomerations were reduced by a thermal treatment 1n
a hydrogen atmosphere at 450 degrees Celstus and 550
degrees Celsius for 1 hour, and the reduced and thermal
treated agglomerations were coated with an organic binder,
thereby manufacturing agglomerated iron powder.

Images (a) and (b) of FIG. 3 show the agglomerated 1ron
powder manufactured by performing the thermal treatment
for the reduction at 450 degrees Celsius, and images (¢) and
(d) of FIG. 3 show the agglomerated 1ron powder manufac-
tured by performing the thermal treatment for the reduction
at 550 degrees Celsius. As shown i FIG. 3, when the
thermal treatment for the reduction 1s performed at 450
degrees Celsius, particles having sizes of 200 nm to 300 nm
and particles having sizes of 1 nm to 20 nm are agglomer-
ated with each other. When the thermal treatment for the
reduction 1s performed at 550 degrees Celsius, particles
having sizes of 200 nm to 500 nm and particles having sizes
of 20 nm to 30 nm are agglomerated with each other.

Change 1n Size of Coarsened Iron Powder According to
Coarsening Process Time

FIG. 4 shows images for explamning a change in size
according to an agglomerating process time 1 a method for
manufacturing metal powder according to some embodi-
ments of the mventive concepts.

Referring to FIG. 4, a mixer was charged with the
agglomerated iron powder manufactured by the method
described with reference to FIG. 3, and then, the agglom-
erated 1ron powder was mechanically mixed to manufacture
coarsened 1ron powder as third metal powder. A change 1n
s1ze according to a time was checked while mechanically
mixing the agglomerated 1ron powder. The agglomerated
iron powder was formed into primary agglomerations of 1
um to 5 um mitially, and the primary agglomerations col-
lapsed while being mechanically mixed. Thereafter, spheri-
cal coarsened agglomerations were formed by agglomerat-
ing force between particles of powder and friction with a
wall surface of the mixer.

In addition, as a mechanical mixing time increases, Sizes
of the agglomerations (i.e., particles) were gradually
increased. When the particles were mixed for 5 hours, the
particles were coarsened to have sizes ranging from 300 um
to 400 um. When the particles were mixed for 10 hours, the
particles were coarsened to have sizes ranging from 500 um
to 800 um. In addition, the sizes of the coarsened particles
were not beyond 800 um.

Manufacture of Coarsened Iron Powder According to
First and Second Embodiments

The agglomerating process was performed for 5 hours in
the method described with reference to FIG. 4, thereby
manufacturing the coarsened 1ron powder according to a first
embodiment. The agglomerating process was performed for
10 hours 1n the method described with reference to FIG. 4,
thereby manufacturing the coarsened 1ron powder according
to a second embodiment. To improve agglomeration strength
of the coarsened 1ron powder, the coarsened 1ron powder
was thermally treated for 10 minutes at 70 degrees Celsius
similar to a melting point (69 degrees Celsius) of an organic
binder. A compression experiment was performed on the
coarsened 1ron powder before and after the thermal treat-
ment, and compressive strength was calculated using the
tollowing equation 1. The calculated compressive strengths
are shown 1n the following table 1.

S=(2.8xF )/ (mxd*) [Equation 1]
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(S,: compressive strength (MPa), F,: compressive force
(mN), d*: diameter (um) of particle)

TABLE 1

Compressive Compressive

Particle  strength (MPa)  strength (MPa)
Coarsening diameter (Before thermal (After thermal
Classification  time (h) (um ) treatment) treatment)
First 5 300~400 0.19 0.37
embodiment
Second 10 500~800 0.07 0.16

embodiment

As shown 1n the table 1, the compressive strengths before
the thermal treatment of the coarsened iron powder accord-
ing to the first and second embodiments were 0.19 MPa and
0.07 MPa, respectively, and the compressive strengths after
the thermal treatment of the coarsened 1ron powder accord-
ing to the first and second embodiments were 0.37 MPa and
0.16 MPa, respectively. As a result, the compressive
strengths after the thermal treatment are about two or more
times greater than the compressive strengths before the
thermal treatment. In other words, the thermal treatment of
the coarsened metal powder 1s an efliciency method that
improves the compressive strength of powder to maintain
excellent tlowability.

Manufacture of Coarsened Mixed Powder According to
Third to Fifth Embodiments

To manufacture coarsened mixed powder including a
mixture of a metal and an additive element according to
embodiments of the mventive concepts, agglomerated 1ron
powder 1n which 1ron particles with sizes of 1 nm to 30 nm
and 1ron particles with sizes of 100 nm to 500 nm were
agglomerated was prepared, and the agglomerated 1ron
powder was coated with an organic binder.

In a third embodiment of the inventive concepts, graphite
powder with a size of 300 nm was mixed with the agglom-
erated 1ron powder coated with the organic binder, and then,
a coarsening process was performed for 10 hours to manu-
facture coarsened mixed powder (Fe-0.5 wt % C) according
to the third embodiment, 1n which iron and carbon were
mixed with each other.

In a fourth embodiment of the inventive concepts, copper
oxide was mechanically milled, and the mechanically milled
copper oxide was thermally treated and reduced at 200
degrees Celsius 1n a hydrogen atmosphere, thereby manu-
facturing copper powder. The copper powder was mixed
with the agglomerated 1ron powder coated with the organic
binder, and then, a coarsening process was performed for 10
hours to manufacture coarsened mixed powder (Fe-10 wt %
Cu) according to the fourth embodiment, 1n which 1ron and
copper were mixed with each other.

In a fifth embodiment of the mventive concepts, mickel
oxide was mechanically milled, and the mechanmically milled
nickel oxide was thermally treated and reduced at 300
degrees Celsius 1in a hydrogen atmosphere, thereby manu-
facturing nickel powder. The nickel powder was mixed with
the agglomerated iron powder coated with the organic
binder, and then, a coarsening process was performed for 10
hours to manufacture coarsened mixed powder (Fe-10 wt %
N1) according to the fifth embodiment, in which 1ron and
nickel were mixed with each other.
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TABLE 2

Classification Composition

Fe-0.5 wt % C
Fe-10 wt % Cu
Fe-10 wt % Ni

Third embodiment
Fourth embodiment
Fitfth embodiment

FIGS. 5A to 5C show images and X-ray difiraction
analysis graphs of coarsened mixed powder manufactured
by a method for manufacturing metal powder according to
some embodiments of the inventive concepts.

FIGS. 5A to 5C show fine structures and X-ray difiraction
analysis graphs of the Fe-0.5 wt % C coarsened mixed
powder, the Fe-10 wt % Cu coarsened mixed powder and the
Fe-10 wt % N1 coarsened mixed powder, which are manu-
factured according to the third to fifth embodiments
described above.

Referring to FIGS. SA to 5C, the Fe-0.5 wt % C coarsened

mixed powder according to the third embodiment has par-
ticle sizes ranging from 500 um to 700 um and does not
show an oxide phase caused by reoxidation during a process.
In addition, the Fe-10 wt % Cu coarsened mixed powder
according to the fourth embodiment and the Fe-10 wt % Ni
coarsened mixed powder according to the fifth embodiment
have particle sizes ranging from 180 um to 200 um and do
not show the oxide phase caused by reoxidation during a
process.

As shown 1n the X-ray diffraction analysis graphs of
FIGS. S5A to 5C, the various additive elements such as
carbon, nickel and copper are not chemically combined with
iron but are mixed with 1ron 1n the powder.

Manufacture of Coarsened Alloy Powder According to
Sixth Embodiment

To manufacture coarsened alloy powder including a com-
pound of a metal and an additive element according to
embodiments of the inventive concepts, Fe,O, was prepared
as a metal oxide, and N1O was prepared as an additive.
Fe,O; and N1O were mixed with each other and were
mechanically milled. The milled mixed oxides were spray-
dried and then were thermally treated in a hydrogen atmo-
sphere for 1 hour to perform reduction and alloying.
Agglomerated Fe—Ni1 alloy powder was coated with an
organic binder, and a coarsening process was performed for
10 hours to manufacture coarsened alloy powder (Fe-10 wt
% N1) including a compound of 1ron and nickel.

FIG. 6 shows an 1image and an X-ray diffraction analysis
graph ol coarsened alloy powder manufactured by a method
for manufacturing metal powder according to some embodi-
ments of the mventive concepts.

FIG. 6 shows a fine structure and an X-ray diffraction
analysis graph of the Fe-10 wt % Ni coarsened alloy powder
manufactured according to the sixth embodiment described
above. As shown 1n FIG. 6, the Fe-10 wt % Ni coarsened
alloy powder according to the sixth embodiment has particle
s1zes ranging from 100 um to 130 um and has a Fe phase and
a Fe;N1 alloy phase. In addition, an oxide phase caused by
reoxidation during a process 1s not shown in the Fe-10 wt %
N1 coarsened alloy powder according to the sixth embodi-
ment.

As shown 1n FIG. 6, various additive element such as
nickel 1s chemically combined with 1ron to form the com-
pound, and the compound exists 1n the powder.

Flowability Evaluation

To evaluate flowability of the coarsened 1ron powder
manufactured according to the first and second embodiments
described above, a Hausner ratio was calculated using the
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following equation 2. The Hausner ratio 1s a criterion for
evaluating the flowability and has a value of 1 or more. As
the Hausner ratio becomes closer to 1, the flowability
becomes better.

Hausner Ratio=p7/ph [Equation 2]

(pT: Tap density, pB: Bulk apparent density)

The Hausner ratios calculated using the equation 2 are
shown 1n the following table 3. In more detail, the following
table 3 shows the Hausner ratios of the coarsened 1iron
powder according to the first and second embodiments, a
Hausner ratio of general iron nano powder not coarsened
according to a first comparative example, a Hausner ratio of
a Co-based alloy for 3D printing which 1s currently on the
market according to a second comparative example, and a
Hausner ratio of a Fe-based alloy for 3D printing which 1s
currently on the market according to a third comparative
example.

TABLE 3
Bulk Tap
Coarsening Size density density Hausner
Classification time (h) (m) (% T.D.) (% T.D.) ratio
First 5 300~400 61.41 64.48 1.05
embodiment (28.25) (29.606)
Second 10 500~800 62.98 65.22 1.03
embodiment (28.97) (30.00)
First — 1~5 (12.54) (24.73) 1.97
comparative
example
Second — 5~70 50.95 56.63 1.11
comparative
example
Third — 5~10 58.28 66.71 1.14
comparative
example

As shown 1n the table 3, the Hausner ratio of the 1iron nano
powder according to the first comparative example 1s 1.97
and has the lowest flowability. In addition, the Hausner
ratios of the coarsened 1ron powder according to the first and
second embodiments are lower than the Hausner ratios of
the alloy powder for 3D printing currently on the market
according to the second and third comparative examples. In
other words, the coarsened metal powder according to
embodiments of the inventive concepts may be easily used
as powder for 3D printing, due to the high flowability
thereof.

Molding Density Evaluation

FIG. 7 1s a graph showing measured molding densities of
metal powder according to some embodiments of the inven-
tive concepts.

Referring to FIG. 7, the coarsened iron powder according,
to the second embodiment described with reference to FIG.
4 and the table 1 was prepared. In a fourth comparative
example, 1ron particles of an average size of 50 nm were
irregularly agglomerated to manufacture iron powder
including particles with sizes ranging from 5 um to 200 um.
In a fifth comparative example, iron particles with sizes
ranging from 1 nm to 30 nm and 1ron particles with sizes
ranging ifrom 100 nm to 500 nm were agglomerated to
manufacture iron powder including particles with sizes
ranging from 1 um to 5 pum.
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TABLE 4

Classification  Iron powder

Second Coarsened 1ron powder including particles of 5300 um to
embodiment 800 um

Fourth [ron powder including particles of 5 um to 200 um
comparative manufactured by irregularly agglomerating iron particles
example of 50 nm

Fifth Iron powder including particles of 1 pm to 5 um
comparative manufactured by agglomerating iron particles of 1 nm to
example 30 nm and iron particles 100 nm to 500 nm

A molded product was manufactured using the iron pow-
der according to each of the second embodiment, the fourth
comparative example and the fifth comparative example,
and a molding density according to molding pressure was
measured. As shown 1n FIG. 7, the molding density of the
molded product manufactured using the iron powder accord-
ing to the fourth comparative example has the lowest values.
In addition, the molded product manufactured using the 1ron
powder according to the second embodiment and the molded
product manufactured using the 1iron powder according to
the fifth comparative example have substantially the same
molding densities. In other words, the coarsened 1ron pow-
der according to embodiments of the inventive concepts has
both the high moldability and the high flowabaility.

A method for manufacturing an injection molded body
using feedstock according to embodiments of the mventive
concepts and a method for manufacturing feedstock for
powder injection molding will be described heremafter.

Some embodiments of the mmventive concepts relate to
feedstock for powder injection molding in order to manu-
facture ultra-small parts of 1 mm or less. To manufacture the
ultra-small parts, injection molding may be performed at a
low temperature of 60 degrees Celsius to 100 degrees
Celstus and a low pressure of 4 MPa or less.

In a conventional art, a binder of a polymer organic
material 1s used. However, the conventional binder may
cause a moldability problem in the low-temperature and
low-pressure powder 1njection molding.

Theretfore, the mventors of the present mvention recog-
nized that injection molding could be performed at a low
temperature and a low pressure by using a wax-based binder
having a low melting point and a low viscosity as a binder
material and by using sub-micron powder. As a result, the
inventors of the present embodiments came to embodiments
of the mventive concepts.

The feedstock for powder injection molding according to
embodiments of the inventive concepts may include raw
material powder and a wax-based binder.

The raw material powder 1s not limited to a specific kind,
but any material capable being molded may be applied to the
raw material powder. For example, the raw material powder
may include a metal or ceramic. In particular, the metal may
be, but not limited to, a Fe-based metal, a W-based metal, or
a Cu-based metal.

The raw material powder may include micron powder of
1 um or more and sub-micron powder with a size of several
nm to 1 um. In other embodiments, the raw material powder
may consist of only the sub-micron powder. Heremaftter, the
sub-micron powder may be referred to as ‘a nano powder’.

When a fine structure of the feedstock including the
micron powder and the sub-micron powder mixed with each
other 1s observed after molding and degreasing, the sub-
micron powder surrounds the micron powder. At this time,
the sub-micron powder acts as a binder. In other words, the
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sub-micron powder may fill a gap between particles of the
micron powder to act as the binder.

Meanwhile, the feedstock including the sub-micron pow-
der and the wax-based binder may have relatively high
bonding force between particles due to wide surtace areas of
the particles to secure excellent moldability.

An average particle diameter of the micron powder may
range from 1 um to 10 um. These may correspond to sizes
of powder applied to a normal powder injection molding
technique. An average particle diameter of the sub-micron
powder may range from 50 nm to 200 nm. This may be
because particles having sizes 1n this range can eflectively
{11l the gap of the micron powder. Here, the term ‘eflective’
may mean that a stacking rate can be maximized in mixing
of the micron powder and the sub-micron powder and that
the sub-micron powder can act as a solid binder 1n mixing
with a binder 1n a subsequent process. In particular, the term
‘effective’ may mean that the sub-micron powder has excel-
lent sintering characteristics at a low temperature.

When the sub-micron powder having sub-micron sizes 1s
mixed with the micron powder, the sub-micron powder may
be added at a volume percent (vol. %) ranging from 5 vol.
% of a total volume of the raw material powder to a porosity
of the micron powder. At this time, an addition amount of the
sub-micron powder may be varied according to a size of the
sub-micron powder. In particular, a content of the sub-
micron powder may be 10 vol. % or more 1n order that the
sub-micron powder fills the gap of the micron powder and
has torque stabaility.

Embodiments of the inventive concepts include the wax-
based binder. The wax-based binder may have the low
melting point and the low viscosity, and thus the wax-based
binder can be ijection-molded at a low pressure. The
wax-based binder 1s not limited to a specific kind. For
example, the wax-based binder may have the melting point
lower than 80 degrees Celsius. For example, the wax-based
binder may include a paraflin-based wax and/or may use
beeswax or canauba wax.

In some embodiments, for example, stearic acid (an
example) corresponding to a surfactant having a melting
point lower than 80 degrees Celsius may be added to prevent
a separation phenomenon between the raw material powder
and the binder wax, along with the wax-based binder.
Substantially, the stearic acid can exhibit a surfactant char-
acteristic at a level of 5%. A mixing ratio (a volume ratio)
of the stearic acid:the wax-based binder may range from 1:2
to 1:20.

According to embodiments of the iventive concepts,
since one kind of the binder (1.e., the wax-based binder) or
two kinds of the binders (i.e., the wax-based binder and the
stearic acid) 1s/are applied, a degreasing process of removing,
a binder after final molding may be simpler than a conven-
tional degreasing process ol removing three, four or five
kinds of binders. In addition, a secondary process such as a
solvent extraction process can be omitted, and thus the
clliciency of the manufacturing process may be improved.

The wax-based binder may deteriorate moldability due to
its low viscosity. However, according to embodiments of the
inventive concepts, the nano powder 1s added to solve this
problem.

Meanwhile, a content of entire metal powder to entire
feedstock may range from 350 vol. % to 80 vol. %. If the
content of the entire metal powder 1s less than 50 vol. %, a
relative amount of the binder may be great too to deteriorate
moldability. If the content of the entire metal powder 1s
greater than 80 vol. %, the amount of the powder may be
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great too to excessively increase process temperature and
pressure and to cause non-uniform mixture.

A method for manufacturing feedstock according to
embodiments of the mventive concepts will be described
hereinafter 1n detail.

The feedstock used in low-temperature and low-pressure
powder 1njection molding according to embodiments of the
inventive concepts may be manufactured through a process
ol preparing the raw material powder and the wax-based
binder and a process of mixing and stirring the raw material
powder and the wax-based binder. The mixing and stirring,
process 1s not limited to a specific process condition. For
example, the mixing and stirring process may be performed
at 70 degrees Celsius and at a rotational rate of about 60 rpm.

The feedstock manufactured as described above may be
injection-molded to form a molded body, and then, a
degreasing process may be performed on the molded body.
In these processes, a portion of the nano powder may be
sintered while removing the binder and the surfactant, and a
shape of the molded body may be maintained due to the
sintering of the nano powder. At this time, a temperature of
the degreasing process may be adjusted according to the size
of the nano powder.

After the degreasing process, the molded body may be
thermally treated at about 1000 degrees Celsius or more for
several hours to sinter the entire powder. Thus, a sintered
body may be formed.

Hereinafter, embodiments of the inventive concepts will
be described in detail. The following embodiments are
provided only to disclose the mmventive concepts and let
those skilled 1n the art know the category of the mmventive
concepts. In other words, 1t should be noted, however, that
the inventive concepts are not limited to the following
exemplary embodiments and may be implemented in vari-
ous forms.

[Seventh Embodiment] Mixed Powder of Fe
Micron Powder and Fe Sub-Micron Powder

1. Manufacture of Feedstock

Raw material metal powder used to manufacture initial
teedstock included spherical micron-sized Fe carbonyl pow-
der and Fe nano powder, and fine images therecol were
shown 1n (a) and (b) of FIG. 8. At this time, a volume
fraction of an addition amount of the nano powder to the
micron-sized Fe powder was changed in the order of 3%,
10%, and 25%, and feedstock having only micron powder
without the nano powder was prepared as a control group.
The Fe carbonyl powder has an average size of 4 and the Fe
nano powder has an average size of 100 nm.

Parathin wax having a low viscosity characteristic among,
structural binders was used as a binder to considerate
friction of the nano powder and to increase a tlowability
characteristic of the feedstock. In addition, stearic acid
corresponding to a surfactant was added to prevent a sepa-
ration phenomenon between the powder and the binder.
Here, a mixing composition of the paraiiin wax and the
stearic acid was fixed to a volume ratio of 3:1. The mixing
of the prepared mixture of the powder and the binder was
performed at 60 rpm and 70 degrees Celsius by a stirrer, and
then, 1njection molding was performed at 70 degrees Celsius
and 1 MPa 1n consideration of the viscosity and the melting
point of the feedstock.

FIG. 9 shows 1mages of fine structures of the feedstock
formed of only the micron powder and the feedstock con-
taining the Fe nano powder of 25%. Images (a) and (b) of
FIG. 9 show the feedstock formed of only the micron
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powder. The image (a) shows a case 1n which a powder
content 1s 50 vol. %, and the image (b) shows a case 1n which
a powder content 1s 69 vol. %. Images (¢) and (d) of FIG. 9
show the feedstock including the Fe nano powder of 25%
with respect to the micron powder. Here, powder contents
with respect to the binder 1n the image (¢) and (d) are the
same as those 1n the images (a) and (b).

As shown 1n the images (¢) and (d) of FIG. 9, in the case
in which the nano powder 1s mixed 1n the feedstock, a
distribution of the powder and binder 1s substantially uni-
form even though the powder content of the feedstock 1is
about 69%. In addition, the feedstock including the nano
powder has a dense fine structure without pores.

Images (a), (b), (¢), and (d) of FIG. 10 show the feedstock
containing the Fe nano powder of 0%, the feedstock con-
taining the Fe nano powder of 3%, the feedstock containing
the Fe nano powder of 10%, and the feedstock containming
the Fe nano powder of 25%, respectively. Bonding strength
1s checked through a shape of the feedstock. In other words,
a size ol an agglomeration increases as the content of the Fe
nano powder increases to 25%, and thus 1t 1s recognized that
the bonding strength increases.

2. Powder Injection Molding

Injection molding was performed using the feedstock
including the Fe nano powder of 25% at 70 degrees Celsius
and 1 MPa, thereby manufacturing an injection molded part.
The mjection molded part was shown 1n 1images (a) and (b)
of FIG. 11, and a destruction surface of the injection molded
part was shown 1n an 1mage (c¢) of FIG. 11. As shown in the
image (c¢) of FIG. 11, the micron powder, the nano powder,
and the binder are uniformly distributed 1n the molded part,
and the molded part has a dense structure without pores.

3. Degreasing Process

A degreasing process was performed after the 1njection
molding was performed using the feedstock to which the Fe
nano powder ol 25% was added. The degreasing process
was performed based on a temperature-time graph (a) of
FIG. 12, and an image of a fine structure of a molded body
alter the degreasing process was shown in 1mages (b) of
FIG. 12.

As shown 1n the images (b) of FIG. 12, shape stability of
the molded body after the degreasing process 1s excellent. As
a result of analysis of the fine structure, the nano powder
surrounded the micron powder to form a neck corresponding,
to a result of mnitial sintering, and thus the structure of the
molded body was maintained even though the binder was
completely removed at a low temperature. In other words,
the moldability was excellent without a polymer organic
binder.

Compression destruction strength of the molded body
alter the degreasing process was measured. Images (¢) of
FIG. 12 show results of a compression destruction test after
the degreasing process of the molded body manufactured
using the micro-nano mixed powder, and images (d) of FIG.
12 show results of a compression destruction test after the
degreasing process of the molded body manufactured using
only the micron-sized powder. A graph (¢) of FIG. 12 shows
compression destruction strength of the molded body after
the degreasing process. As shown 1n the images (¢) and (d)
of FIG. 12, when the molded body 1s manufactured using the
micro-nano mixed powder, the destruction of a specimen
proceeds 1 a compressive direction without influence of
density gradient and residual stress. On the contrary, when
the molded body i1s manufactured using the micron-sized
metal powder, interlaminar destruction occurs 1n the molded
body by density gradient and residual stress which occur in
a single-axis bi-directional molding process.
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The graph (e) of FIG. 12 shows the compression destruc-
tion strength of the molded body after the degreasing
process. The destruction strength of the molded body formed
of only the micron-sized metal powder 1s about 1.3 MPa. On
the contrary, the destruction strength of the molded body
formed of the mixed powder of the micron-sized metal
powder and the nano-sized metal powder 1s about 9 MPa and
1s about 8 times greater than the destruction strength of the
molded body formed of only the micron-sized metal powder.
As a result, the mitial sintering of the nano powder may
occur through the degreasing process of 500 degrees Celsius
or less, and thus strength of the molded body may be
increased.

4. Sintering Process

The molded body after the degreasing process was sin-
tered at 1250 degrees Celsius for 3 hours to manufacture a
molded part, and the molded part was shown 1n FIGS. 13
and 14. An image (¢) of FIG. 13 shows a fine structure of the
sintered body. As shown 1n the image (c¢) of FIG. 13, the
sintered body has a density of 95% 1.D. (true density).
Meanwhile, reference designators (a) and (b) of FIG. 14

show an 1mage and a measured surface roughness of the
molded part. As shown in FIG. 14, the surface roughness of
the molded part manufactured using the feedstock including
the Fe nano powder of 25% 1s about three times greater than
the surface roughness of the molded part manufactured
using the feedstock not including the Fe nano powder.

On the other hand, FIG. 15 1s a graph showing a change
behavior of torque mm mixing of feedstock. A graph (a) of
FIG. 15 shows a case of micron powder, a graph (b) of FIG.
15 shows a case of micron-3 vol. % nano mixed powder, a
graph (¢) of FIG. 15 shows a case of micron-10 vol. % nano
mixed powder, and a graph (d) of FIG. 15 shows a case of
micron-25 vol. % nano mixed powder.

Mixing torque means torque that occurs 1n a mixer on the
basis of a viscosity of a mixture when powder and a binder
are mixed with each other.

In a case 1n which the low-viscosity binder system of
embodiments of the mventive concepts 1s applied to the
feedstock consisting of only the micron powder, the torque
corresponding to the viscosity does not occur since particles
of the powder are not bonded to each other.

Since the sub-micron powder 1s added, the viscosity of the
teedstock increases, and thus the torque can be measured. In
addition, behavior of stabilization after a torque peak, 1n
which umiformity of the powder and the binder can be
expected, 1s repeatedly shown. In addition, this behavior
occurs until the content of the powder in the feedstock
reaches about 70%. This means that the powder content of
the feedstock can be efl

ectively increased. In other words,
the low-viscosity and low-melting point binder system for
reducing the temperature and pressure of the powder 1njec-
tion molding process may be eflected by the addition of the
nano powder.

| Eighth Embodiment] Only Sub-Micron Powder

Parathn wax and stearic acid binder were mixed with each
other at a mixing ratio of 3:1, and then, the mixture of the
parailin wax and the stearic acid binder was mixed with
W—Cu nano powder having an average particle diameter of
about 200 nm, thereby manufacturing feedstock. At this
time, a powder content of the feedstock was about 50 vol. %,
and a fine structure thereof was shown 1n FIG. 16. As shown
in FIG. 16, the nano powder was uniformly mixed with the
binder.
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Injection molding was performed using the feedstock
through a mass-injection molding apparatus, and a molded

body obtained by the injection molding was shown 1n an
image (a) of FIG. 17. The molded body was degreased
through a stepwise temperature rising process which was
maintaimned at 200 degrees Celsius and and 600 degrees
Celsius, and the degreased molded body was shown 1n
images (b) and (c¢) of FIG. 17. As shown m FIG. 17, even
though the degreasing process 1s performed at low tempera-
ture, a portion of the nano powder 1s sintered to stably
maintain the shape of the specimen, and the molded body
alter degreasing 1s formed of only fine nano powder.

After the degreasing process, the molded body was sin-
tered at 1350 degrees Celsius for about 3 hours, and the
sintered body was shown in an 1mage (a) of FIG. 18, and a
fine structure of the sintered body was shown 1n 1images (b)
of FIG. 18. As shown in FIG. 18, the W—Cu sintered body
has a substantially completely dense structure of 98% T.D.,
and a size of a crystal grain of the W—Cu sintered body 1s
about 5 um.

[Ninth Embodiment] Mixed Powder of Stainless

Steel (SUS 316L) Micron Powder and Nano
Powder

1. Manufacture of Feedstock

As shown 1n an 1image (a) of FIG. 19, micron SUS 316L
powder having an average particle size of 4 um was manu-
factured by a water atomizing method. As shown 1n an
image (b) of FIG. 19, nano SUS 316L powder having an
average particle size of 100 nm was manufactured by a
pulsed wire evaporation method. The micron SUS 316L
powder was mixed with the nano SUS 316L powder. A
mixing ratio ol the micron powder:the nano powder was 75
vol. %:25 vol. %. Feedstock composed of only the micron
SUS 316L powder was prepared as a control group.

Here, paraflin wax and stearic acid binder were mixed
with each other at a mixing ratio of 3:1 to prepare a binder.

Thereatter, the mixed SUS 316L powder and the binder
were mixed with each other. Here, a content of the SUS
316L powder was 66 vol. %, and a mixing temperature was
70 degrees Celsius. As a result, feedstock was manufactured.
As shown 1n graphs (a) and (b) of FIG. 20, an optimum
content of powder 1n the feedstock ranges from 66 vol. % to
70 vol. %. As shown in the graph (b) of FIG. 20, the
maximum content of the powder 1s about 71 vol. %. Mean-
while, an experiment was performed while increasing the
content of the powder, and results of the experiment were
shown 1n 1mages (a) to (1) of FIG. 21. The image (a) of FIG.
21 shows a case of the powder content of 50 vol. %, the
image (b) of FIG. 21 shows a case of the powder content of
54 vol. %, the image (¢) of FIG. 21 shows a case of the
powder content of 58 vol. %, the image (d) of FIG. 21 shows
a case ol the powder content of 62 vol. %, and the 1mage (¢)
of FIG. 21 shows a case of the powder content of 66 vol. %.
The image (1) of FIG. 21 1s an enlarged view of the image
(). As shown 1n FIG. 21, as the powder content increases 1n
the mixing process, the distribution of the binder and the
powder becomes unmiform to obtain a dense structure not
having pores. In addition, a filling efliciency is increased or
improved by the nano powder.

2. Powder Injection Molding

Powder 1njection molding was performed on the feed-
stock including the mixed SUS 316L powder of 66 vol. %
at 70 degrees Celstus and 1 MPa.

FIG. 22 shows a gear-shaped part and a tensile specimen,
which correspond to injection molded bodies, and fine
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structures thereof. As shown 1n a surface 1image of the gear
part, nano-sized particles are uniformly distributed between
micron-sized particles. In addition, an image of a destruction
surface of the tensile specimen also shows a uniform and
dense structure.

3. Degreasing Process

A degreasing process was performed on the injection
molded body in a hydrogen atmosphere through stepwise
temperature-rising and maintaining operations. A mass of
the molded body was reduced by 5.33% due to the degreas-
ing process. The reduced amount 1s substantially equal to the
amount (5.4 wt %) of the mitially added binder within a
tolerance. As a result, it 1s recognized that the binder in the
molded body was completely removed by the degreasing
process.

4. Sintering Process

The degreased molded body was sintered at 1350 degrees
Celstus for 3 hours 1 a low-vacuum Ar atmosphere.

FIG. 23 shows images of the micron powder sintered
body of the control group and the micron-nano powder
sintered body of the present embodiment, which were sin-
tered under the conditions described above. The structure of
the micron-nano powder sintered body according to the
present embodiment 1s more umiform and finer than the
structure of the micron powder sintered body according to
the control group.

Various physical properties of the sintered body obtained
by the sintering process were measured. The following table
5 shows measurement results of physical properties of the
sintered body obtained after sintering the mixture of the
micron powder and the nano powder according to the
present embodiment, measurement results of physical prop-
erties ol a sintered body manufactured using commercial
micron feedstock, and measurement results ol physical
properties of a sintered body manufactured using micron
feedstock disclosed 1n a document.

TABLE 5

(Comparison table of physical properties of sintered body
according to constituent particle)

Specimen Average  Vicker’s Tensile Yield
classification crystal grain hardness strength strength  Elongation
Micron-nano <50 mm 1’75 560 MPa 235 MPa 41%
Micron >70 mm 129 488 MPa 200 MPa 32%
(commercial)
Micron — 140 510 MPa 220 MPa 45%
(Document)

The commercial micron feedstock shown in the table 5 1s
a Teedstock product for SUS316L powder injection of Rapi-
dus company (currently, Koran PIM), which includes wax
and polymer resin as a binder. The document was quoted
from 80 pages of “Powder Injection Molding—Design and
Applications” (Randall M. German, Innovative Material
Solutions, Inc.) and used a feedstock product for SUS316L
powder 1njection.

As shown 1n the table 5, the sintered body including the
micron powder and the nano powder mixed with each other
has high hardness, tensile strength and yield strength, unlike
the cases having only the micron powder (the document and
the commercial micron powder). In addition, the sintered
body including the micron powder and the nano powder also
has excellent elongation.

A density of a sintered body manufactured by a conven-
tional powder process 1s about 95% and 1s lower than that of
a material manufactured by another general process. This
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may be because pores of about 5% exist. However, accord-
ing to embodiments of the inventive concepts, since the nano
powder 1s added, the density of the sintered body increases
to about 98% or more. Thus, the absolute amount of pores
and defects 1s small 1n the sintered body. As a result, the
sintered body according to embodiments of the mmventive
concepts has the excellent physical properties including the
high elongation.

The metal powder and the feedstock according to embodi-
ments of the mventive concepts may be used to manufacture
various molded products (e.g., parts and materials) by using
a method such as a powder metallurgy method.

According to embodiments of the inventive concepts, the
first metal powder may be agglomerated to manufacture the
second metal powder, and the second metal powder may be
coated with the organic binder. The second metal powder
coated with the organic binder may be agglomerated and
coarsened to manufacture the third metal powder with the
improved flowability and moldability.

In addition, according to some embodiments of the mnven-
tive concepts, since the organic material having the low
melting point and the low viscosity and the sub-micron
powder are used as the binder material of the feedstock, the
powder injection molding (PIM) can be performed at low
temperature and low pressure, and suflicient bonding
strength may be secured even though the sintering of the
powder 1s performed at low temperature. Thus, the degreas-
ing process can be performed at low temperature.

While the mventive concepts have been described with
reference to exemplary embodiments, 1t will be apparent to
those skilled in the art that various changes and modifica-
tions may be made without departing from the spirits and
scopes ol the mventive concepts. Therefore, 1t should be
understood that the above embodiments are not limiting, but
illustrative. Thus, the scopes of the inventive concepts are to
be determined by the broadest permissible mterpretation of
the following claims and their equivalents, and shall not be
restricted or limited by the foregoing description.

What 1s claimed 1s:
1. A method for manufacturing metal powder, the method
comprising:

pulverizing 1ron oxide to produce a first powder compris-
ing particles having a diameter 1n the range of 10 nm to
30 nm;

adding a process control agent to the first powder to
produce a powder slurry;

providing the powder slurry mto a dryer;

manufacturing spherical agglomerations of iron oxide by
controlling an air injection pressure to the dryer;

thermally treating the spherical agglomerations of 1ron
oxide at between 450° C. and 550° C. to reduce the
spherical agglomerations to manufacture a second
powder;

coating the second powder with an organic binder, thereby
producing a coated second powder having a first
flowability;

providing the coated second powder into a mechanical
mixer;

agglomerating and coarsening the coated second powder
in the mechanical mixer for a mixing time between 5
hours and 10 hours to manufacture a third powder
comprising particles having a diameter between 100
um and 800 um; and

alter manufacturing the third powder, increasing a
tlowability of the third powder to a point that 1s greater
than the first flowability.



US 10,875,091 B2

21

2. The method of claim 1, further comprising: thermally
treating the third powder to increase agglomeration strength
of the third powder.

3. The method of claim 2, wherein the third powder 1s
thermally treated at a melting point of the organic binder.

4. The method of claim 1, wherein a particle size of the
third powder increases as a time that the coated second
powder 1s mechanically mixed increases.

5. The method of claim 1, wherein a Hausner ratio of the
third powder 1s 1.1 or less.

6. The method of claam 1, wherein the thuird powder

comprises particles having a diameter between 500 um and
800 um.
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